The electronic properties of thin metallic films of Pb, Ag, Au and In atoms deposited at 105 K on well defined metallic surface, i.e. Si(1 1 1)-(6 · 6)Au surface with 10 ML of annealed Pb, were investigated using four-point probe method in UHV condition. The structure of the substrate and deposited metals were monitored by the RHEED system. The electrical conductance, measured during the deposition of In and Pb atoms, shows the local minimum for the coverage equals about 0.3 ML whereas for Au and Ag atoms the conductance decreases during the first monolayer growth. For Au atoms the local maximum in the conductance was observed for the coverage about 0.55 ML, which can be connected with localized states. To describe theoretically the conductance behavior the tight-binding Hamiltonian and equation of motion for the Green's function were used and good qualitative agreement was obtained.
Introduction
Recently, there has been considerable progress in fabrication and theoretical analysis of two-dimensional (2D) electron systems, e.g. [1] . Especially interesting are very thin atomic layers (metallic, semiconducting or ferromagnetic) disturbed by other atoms. In particular, a distribution of such atoms on a surface is a quantity of great interest because it determines the electrical conductance through the system and can regulate the flow of current. It is known that 2D conductance strongly depends on the surface scattering centers and thus even very low number of atoms on a surface can blockade the current. Due to this reason such 2D systems can be considered as a potential candidate to fabricate (or improve) different kind of nanodevices, e.g. smaller and faster nanotransistors, logic gates etc. Moreover, a stripe of metallic film can be considered as a perfect and stable electric wire which can connect two nanodevices (monoatomic quantum wire is the thinnest possible conducting wire, but is very sensitive on external conditions and can be easily broken). It is very important to know how the current flowing through such a metallic film is modified in the case when other atoms are situated on it. Therefore the experimental studies must concentrate on very low coverage regime i.e. thin metallic film should be covered by submonolayer amount of different atoms (adatoms).
Most studies of the electrical conductance of well ordered surface with deposited unreactive metals have been conducted on clean or reconstructed substrates for the coverage higher than 1 ML. Hasegawa and Ino monitored the conductance dependence on the surface structures and epitaxial growth modes at initial stage of Ag and Au deposition on Si(1 1 1) surface at room temperature [2] . Takeda et al. have characterized the changes in surface electrical conductance induced by additional indium deposition onto clean and reconstructed Si(1 1 1)-7 · 7 surfaces [3] . Recently Yamazaki et al. have succeeded in detecting the electrical conductance on different Si(1 1 1)/Au surface superstructures using micro-four-point methods [4] . In our previous investigation [5] it was shown the strong influence of used substrates on the behavior of the conductance during the epitaxy of Pb atoms on Si(1 1 1)-(6 · 6)Au surface which was modified by the very low amount of annealed Pb atoms (with up to 4.2 ML). There are three parallel channels for electrons which flow through such structures: (i) the top most atomic layers with surface-states, (ii) surface-space-charge layer and (iii) unperturbed bulk crystal. A number of attempts were reported for measuring and estimation of the conductivity through different channels [6, 7] . On the other hand our previous studies [5] , were limited to a low Pb coverage regime, where magic islands can be most abundant. Although those issues have been addressed, resent studies show that preparation an atomically flat metal films on semiconductor substrate remains a great challenge. A low temperature deposition of Pb on modified Si(1 1 1) surface and slight annealing (up to room temperature) method could fulfill those requirements. Recent extensive investigations have been made for studying an intriguing thickness and thermal-dependent stabilities of Pb layers [8] [9] [10] [11] [12] . These investigations suggest that below the critical thickness of 10 ML of Pb all flat films formed at low temperatures are unstable. Above 10 ML Pb films become stable even at room temperature.
In this paper, we focus on the measurements of the electrical conductance at initial stage in epitaxial growth of Pb, Ag, Au and In on Si(1 1 1)-(6 · 6)Au/Pb (i.e. Si(1 1 1)-(6 · 6)Au with 10 ML of annealed Pb) surface using fourpoint probe method. We have chosen Si(1 1 1)-(6 · 6)Au surface as a base one because during the deposition process it guarantees the layer-by-layer growth almost from the beginning of epitaxy (Si(1 1 1)-7 · 7 reconstruction fails in this regime of deposition). Moreover, we use 10 ML of Pb on Si(1 1 1)-(6 · 6)Au surface to avoid the magic islands growth and also to fabricate rather flat, metallic substrate with very limited number of surface scattering centers (to make the substrate better it was annealed up to room temperature). After recrystallization of 10 ML Pb the surface scattering should be less important. Presence on this metallic surface new Pb, Ag, Au or In individual atoms increases the roughness and therefore a diffuse scattering of electrons at the surface.
Electrical properties of thin metallic films disturbed by deposited atoms have been investigated theoretically by many authors. The most popular theory is a microscopic quantum-mechanical description, e.g. [13] , which include both the surface and bulk scattering and was successfully used to describe quantum size effect in Pb and Pb/In films [14] . Also the influence of surface roughness on the conductivity of 2D atomic system was investigated using the theory based on Boltzmann-like equation with an autocorrelation function associated with the surface roughness [15] . Effects of rough boundaries on density of states and conductance through one-dimensional and quasi-twodimensional channels were studied using Green function method [16, 17] . Electron scattering effects by random surface corrugation were considered in Ref. [18] (short review article) using surface correlation functions. The Born approximation [19, 20] , diagrammatic technique [21] , Kubo formula [22] or density matrix method [23] can be also used to describe the conductance of thin metallic or semiconductor film. Recently ab initio methods using the density functional theory have been applied to analyze the transport properties of ultrathin films, e.g. [24] . The most studies in this field concentrate on rather thick coverage regime (above 1 ML). Neither of mentioned above papers have analyzed the conductance of thin metallic film with additional atoms on it in the low coverage regime, i.e. the processes which take place where submonolayer coverage of the film is considered and single or small cluster of atoms exist on the surface. Depending on the kind of additional atoms and surface material most of the cited above theories break down in this regime.
In this paper, the experimental results are analyzed using the theoretical model based on the Green's function method and thigh-binding Hamiltonian. The model allows us to calculate the electrical conductance of 2D lattice of atoms connected with a metallic surface and with two electrodes. On such atomic lattice single atoms are deposited and they disturb the current flowing through the system. This model simulates the initial stage of growth observed during the deposition process and can be useful to explain the conductance behavior in our experiment. In comparison with other theories the model we consider here can describe the conductance for different crystalline structure of the surface, for different distribution of external atoms on a surface and due to the parameters of the system (like electron energies, hopping integrals) can distinguish between different kind of coupled atoms. Moreover, this formalism do not use the continual value of the layer thickness parameter. For the very initial growth a thickness parameter cannot be treated as the effective one but the thickness should be obtained on the basis of the relative proportion between the number of additional atoms and surface atoms.
The paper is organized as follows. The description of the experiment and the results concerning the conductance changes during the deposition of Au, Ag, In and Pb atoms as well as the temperature changes of the conductance are included in Section 2. Moreover, in this section the reflection high energy electron diffraction (RHEED) pictures for different atom distributions are shown. Section 3 provides a quantum description of the conductance. The theoretical model and calculation method are presented in Section 3.1. The numerical calculations of the conductance and comparison with the experiment are included in Section 3.2. The results are discussed in Section 4. Section 5 is devoted to conclusions and in Appendix A we calculate the conductance for analytically solvable simple cases which can be helpful to understand how our theoretical model works.
Experimental setup and results
The measurements were performed in a UHV chamber with a base pressure in order of 5 · 10 À11 torr. The structure of the substrate and the deposited metals were monitored by the RHEED system. All RHEED patterns reported below were taken with 18 kV electrons in ½1 1 2 azimuth of Si(1 1 1) surface and at glacing angle 0.5°. An n-type Si(1 1 1) wafer of 25 X cm resistivity and 18 · 4 · 0.4 mm 3 size was mounted on a pair of Mo rods and clamped with Ta stripes. Electrical conductivity was measured in situ by four-point probe method. An alternating current: I = 2 lA, 17 Hz was sent through the outer-most Ta clamps contacts, while the ac voltage was measured across the inner two W wires kept in elastic contact with the wafer. The voltage electrode spacing of 1.5 mm were used in the experiments. The sample holder was mounted to SuperTran-VP continuous flow cryostat cold finger (Janis Research Comp. Inc.). The temperature of the sample has been measured with the Au-Fe chromel thermocouple in touch with a wafer. Before each measurement run, the surface was cleaned to obtain a clear Si(1 1 1)-7 · 7 RHEED pattern, by few flash heating for 5 s with a direct current of 13.5 A through the sample. In order to prepare the Si(1 1 1)-(6 · 6)Au surface structure, 1.3 ML of Au were deposited on Si(1 1 1)-7 · 7 superstructure. Annealing for 1 min at about 950 K and slow cooling to room temperature (10 K/min) resulted in the appearance of a sharp (6 · 6)Au superstructure RHEED pattern. Si(1 1 1)-(6 · 6)Au with 10 ML of Pb deposited at 105 K have been heated up to 300 K in order to increase the crystalline order. Annealing facilitates atoms redistribution and improves crystal quality. Fig. 1a displays the RHEED patterns just after deposition of 10 ML of Pb at 105 K, Fig. 1b after slow heating till 300 K and Fig. 1c after subsequential cooling to 105 K. Any deviation from a perfect surface causes redistribution of the RHEED intensity from streaks to diffuse intensity. From the RHEED pictures we can note the change in patterns sharpness characterizing formation of flat layer after annealing.
The temperature dependence of the conductance of Si(1 1 1)-(6 · 6)Au substrate with deposited 10 ML of Pb is shown in Fig. 2 . The figure shows the typical behavior of the conductance during cycles of heating and cooling runs. In the first heating step the conductance non-monotonically decreases with increasing temperature (broken line). In the second step (cooling) the temperature dependence of the conductance follows along a different way. In this run metallic behavior is more clear. After annealing up to 300 K and cooling down to 100 K the conductance increases by 15% due to improved crystalline order of the layer as is shown in Fig. 2 .
After recrystallization the substrate has been cooled to 105 K for further deposition of Pb, Ag, Au or In. The conductance has been measured simultaneously with deposition. The amount of deposited material in units of Si monolayer (ML = 7.8 · 10 14 atoms/cm 2 ) was monitored with a quartz crystal oscillator. The RHEED specular beam intensity oscillation during monolayer-by-monolayer growth has been used for calibration. Pb, Ag, Au and In were evaporated at the rate around 0.3 ML/min. The coverage dependence of the relative conductance G/G 0 during deposition of Pb, Ag, Au and In on such prepared substrates is shown in Fig. 3 (the lines start from the value of 1 for the coverage equals to 0). Here G 0 means the conductance of the system with annealed 10 ML of Pb atoms, i.e. Si(1 1 1)-(6 · 6)Au/Pb at 105 K. For all deposited metals the relative conductance at the beginning decreases with the coverage. The effect is lager for deposition of Ag and Au. At the higher coverage the conductance reaches a minimum value and afterwards increases which is more evident for deposition of Pb and In (a minimum appears for the coverage about 0.3 ML and is deeper for In). Afterwards, the relative conductance for Pb and In atoms increases rather fast and for the coverage equals to about 1 ML it is greater than 1. Here it should be noted that for farther deposition of Pb and In the conductance oscillations (size effects) have been observed. In comparison with Pb and In atoms the conductance of Au and Ag atoms decreases very fast and begins to increase very slowly for the coverage greater than 1 ML. It is interesting that the local maximum (for the coverage 0.55 ML) in the conductance appears only for Au atoms and will be discussed later. In our previous paper [5] , it was shown that the conductance can increase with the coverage (at the beginning of deposition) depending on the amount of annealed Pb layer. For the surface with 0.2 ML of annealed Pb (low coverage regime) the conductance has increased whereas for the metallic surface (about 4 ML of annealed Pb) the local minimum in the conductance, similar to this from Fig. 3 , was observed.
The RHEED patterns for around 3 ML of In, Ag and Au films deposited at 105 K on annealed 10 ML Pb we show in Fig. 4 (for Pb atoms the RHEED picture is very similar to that from Fig. 1a ). The RHEED pattern of streaks can be observed in the case of In (and also Pb). With further In deposition bright spot (specular beam) intensity varies, a layer-by-layer growth mode occurs. As it is seen in Fig. 3 , the conductance oscillations (quantum size effect) have been observed. In the case of Au and Ag, the RHEED patterns display a vertical splitting of streaks suggesting the formation of 3D islands. The surface structure of Au and Ag is different than for In and Pb. As a consequence it has a strong impact on the conductance. The energy levels of the nanostructureed Ag and Au on flat 10 ML of Pb (we believe) can be spread out because of their strong size dependence.
Theoretical description

Model and calculation method
In this subsection the electron transport of a two-dimensional square atomic lattice on a substrate between metallic electrodes is investigated theoretically. The tight-binding model Hamiltonian and Green's function technique are used to describe the conductance of the system. The top view of the considered model is depicted schematically in Fig. 5a . The central region, between the left (L) and right (R) electron reservoirs, consists of the substrate system, i.e. an array of N · M atomic sites (substrate atoms) and the metallic electrode (S) underneath (indicated by the grey rectangle). In Fig. 5b the side view of this model is visible. The area indicated by the broken line can be considered as the effective substrate which corresponds to, used in our experiment, Si(1 1 1)-(6 · 6)Au with annealed Pb layers. Additional atoms (adatoms) are added on the top of 2D lattice and are connected with the surface atoms and with the left or right electrode (if they are placed in the neighborhood of these electrodes). A group of coupled adatoms forms few-atom island on the surface and can be treated as a cluster of atoms. Additional atoms correspond to deposited on the surface In, Pb, Au or Ag and the left and right leads represent the voltage electrodes. It is assumed that each adatom is coupled only with the single substrate atom, and moreover, 3D island growth is not considered in our calculations (we concentrate on the coverage up to 1 ML). We consider the total Hamiltonian H in the standard second-quantized notation in the following form
where
describes electron states in the left (L), right (R) and surface (S) electrodes and in the 2D substrate atoms, respectively,
describes the interactions between substrate atoms in both directions (perpendicular and parallel to the left electrode),
describes the interactions between the substrate atoms and the left, right and surface electrodes,
describes the single electron states of adatoms and
concerns substrate atom-adatom (the first term), adatomadatom (the second and third terms) or adatom-left(right) electrode (the fourth term) interactions, respectively. For simplicity, only the nearest-neighbor interactions are taken into account and a single orbital per atomic site is considered. These assumptions are very common in low dimensional systems, e.g. [25, 26] and moreover, as long as we are interested in a qualitative description of our experimental data they seem quite reasonable. The electron-electron Coulomb interactions are neglected in our calculations because we describe only non-magnetic atoms and do not take into consideration many-body effects like the Kondo effect, the Coulomb blockade effect, superconductivity, etc. The position of the substrate atoms (adatoms) on the surface (electrodes) is described by the vector r. The operator function w k (r) in the Hamiltonian represents the local conduction electron at a point r on an electrode and can be written as [27] : w k (r) = exp(ikr)a k . The operators a ka ða þ ka Þ, are the annihilation (creation) operators for the reservoirs conduction electron with the wave vector k, (a = L, R, S). The operator a ij ða þ ij Þ represents the annihilation (creation) operator for the electrons localized on the substrate atom ij (i = 1,. . . , N, j = 1,. . . , M) and c ij ðc þ ij Þ on adatoms, above ij substrate atom. e ij and e d ij are the single electron energy levels of the substrate atoms and adatoms, respectively. The elements V kL(R, S) are the hybridization matrix elements responsible for electron transport between corresponding substrate atoms and electrodes; V n(m) between the lattice atoms; V dn(dm) between adatoms and V d -between adatom and the 2D lattice atom. The function D ij in the Hamiltonian is equal to one if there is an additional atom at site ij, otherwise it is equal to zero. This function allows us to control the number of adatoms included into calculations and their distribution on the substrate.
Transport properties are analyzed within the framework of the Green's function technique. The knowledge of the retarded Green's function,
ð0Þi, allows us to obtain the electron local density of states or the conductance of the system. In the energetic representation the retarded Green function satisfies the following equation of motion [28] : T ðEÞ, where T(E) is the transmittance (transmission coefficient) of the system
The matrix b C L in the above formula is defined as and can be expressed as follows, cf. [27, 31] , 
and for adatoms one can write the similar relation, i.e. one has to change e ij ! e 
Here, the transmittance and the conductance are expressed only by the Green's functions G r 1i;Mj ðEÞ between atoms in the first and the last column, cf. Fig. 5a . In general one has to obtain the conductance according to Eq. (7).
Numerical results and comparison with experiment
In this subsection we discuss the general tendency of the conductance for two-dimensional atomic lattice on the metallic surface connected with electrodes, cf. Fig. 5a and b. On such prepared substrate other atoms (adatoms) are putted on. In this case, due to a large number of atoms in the system, one needs carry out the numerical calculations. In our calculations we assume the symmetric case i.e. C L = C R = C S = C = 1 (units of energy). This is very common assumption which means that there is the same probability for an electron to flow to the left, right or surface electrode (if of course is localized at atoms which are close to this electrode). Moreover, we put the same wave vectors for the electrodes k L = k R = k S = k (ka is an effective parameter describing L, R or S surface and for metallic materials is in the order of few, here we assume ka = 2). We treat the Fermi energy of the system as the reference energy point i.e. E F = 0 (the linear conductance is obtained for the electrodes' chemical potentials equal to the Fermi energy, l L = l R = l S = E F ) and the same electron energies of all substrate atoms and adatoms are assumed, i.e. e ij = e 0 , e d ij ¼ e d . This assumption is quite reasonable as only linear regime case is considered. The other parameters in our system, like couplings between atoms, are chosen according to other experiments on few-atom systems or theoretical estimations and e.g. taking C = 0.5 eV we get V dm and V d parameters between 0 and 0.5 eV, e.g. [25, 29, 30] . The exact explanation of chosen parameters will be given later.
The series of calculations were performed for the system with increasing number of adatoms. These adatoms are placed on the lattice randomly and in general the conductance depends on their positions on the atomic lattice. Thus for various distributions of adatoms the conductance possesses slightly different values which is shown in Fig. 6 . Here the relative conductance G/G 0 is obtained for the lattice of 15 · 15 atomic sites (N = M = 15) and for V d = 1, V n = V m = 1, V dn = V dm = 1 and e 0 = 0, e d = 4. Here G 0 is the conductance of the substrate without adatoms. Each curve corresponds to the different (random) distribution of adatoms on the 2D lattice but for the coverage equals to 0 and 1 all values of the conductance are the same independent on the history of the deposition. The thick solid line (shifted by 0.2 for better visualization) corresponds to the average conductance obtained on the basis of different adatom distributions i.e. G ¼ P N r i¼1 G i =N r , where N r means the number of different distribution of adatoms. It is visible that the conductance obtained for the specific distribution possesses small local minima or maxima which can be an artefact. However, the average conductance shows the real behavior of the conductance and e.g. the local maximum in Fig. 6 which appears for 0.55 ML can be explained in physical terms and will be discussed later. When analyzing the curve from only one adatom distribution this local maximum can be not very well visible. Of course, the more distributions taken into consideration for obtaining the conductance the smoother is the average conductance curve. In all numerical results in this subsection the conductance is obtained by averaging of 20 distributions of adatoms (N r = 20) on the surface for every coverage. It was also checked that the conductance slightly depends on the dimension of the substrate lattice, i.e. for relatively large N (and M) the conductance curve is smoother than for small N but the main features of this curve remains the same (of course the position and the value of local maxima or minima can slightly differ for different N). Here we present the results for N = M = 15 (the substrate lattice consists of 225 atomic sites) which is sufficient to obtain rather smooth conductance curves. Next, few characteristic behaviors of the conductance obtained for the considered system are discussed. According to the analytical results presented in Appendix A a single adatom connected with substrate atoms causes that the conductance decreases. Thus, if we consider the system with non-coupled adatoms (V dn = V dm = 0) this effect should be observed. In Fig. 7 the relative conductance is shown for V dn = V dm = 0 and V d = 1 which corresponds to non-coupled adatoms (thin solid line). In this case the conductance decreases with increasing number of adatoms on the surface, as was expected. It is worth noting that for je x j > E F the conductance can increase locally because adatoms which are coupled with the left or right electrodes open new canals for electrons and the symmetry of the transmission coefficient is broken in this case. Thick solid line represents the system where there are no connections between substrate atoms and adatoms i.e. V d = 0. In that case adatoms are coupled with each other but are not connected with the substrate atoms and one can see that for the coverage lesser than about 0.5 ML the conductance is constant. It increases for greater value of the coverage. This behavior of the conductance is connected with the percolation, i.e. for the coverage about 0.5 ML the connection between the left and right electrodes (through adatoms) exists and the next canal for electrons is opened (there are constant number of canals in the substrate lattice). Thus electrons can flow through the adatom lattice and the conductance increases. Of course for non-zero value of V d (there is an interaction between substrate atoms and adatoms) electron canals are not independent and the conductance is changed even for small value of the coverage. As a result we obtain the mixed regime behavior of the conductance for non-zero V dn , V dm and V d -see the broken line in Fig. 7 (V dn = V dm = 1 and V d = 1).
To make qualitative comparison of the experimental results with the theoretical ones we need to specify the parameters describing our model. The single electron energy is the main parameter which distinguishes different kind of deposited atoms. Here we assume the energies of surface atoms as e 0 = 0 and energies of other atoms are related to this energy. To determine the values of e d for our calculations we compare the ionization energies of deposited atoms. The first ionization energies satisfy the relation E Note, that the single electron energies of the substrate atoms (which are Pb atoms, e 0 = 0) and Pb adatoms (e d = 0.1) are slightly different because the electron energy of adatom depends on the position and the distance adatom-surface and similarly to the chemisorption process the ionization energy level is somewhat shifted in comparison with an atom which is isolated, [32] . This is also the reason we do not use the exact proportion between the ionization energy of the adatom and the effective parameter e d . The hybridization matrix elements for the substrate atoms are V n = V m = 1. These parameters are connected with the bonding energy between atoms which is in the order of one eV [33] . To estimate the value of V dn , V dm and V d parameters for In, Ag and Au the conductance as a function of the coverage was calculated for many values of these parameters (between 0 and 1 because they should not be larger than the parameters for annealed Pb, V n = 1) and the values which gave the best qualitative agreement with our experiment were chosen.
The theoretically calculated conductance for Au atoms deposited on Pb substrate is shown in Fig. 6 . In Fig. 8 the relative conductance versus the coverage is presented for Pb, In and Ag atoms, the left panel. The other parameters used in our calculations are as follows: Fig. 8 and are the same as in Fig. 3 for the coverage below 0.8 ML.
As one can see we obtain rather good qualitative agreement between the experimental and theoretical results, cf. Figs. 3, 6 and 8 . Due to the simple model we used here and time-consuming computer calculations there are somewhat different conductance scales in both panels in Fig. 8 but the qualitative behavior of the conductance seems satisfactory. The numerical computations of the linear conductance is very time-consuming as in our case we have to inverse the complex matrix, double precision, not rare, dimension 450 · 450 (15 · 15 surface sites plus 15 · 15 adatom sites and the Green's function must be obtained between the every two sites). This process must be repeated about 225 · 20 = 4500 times to obtain one conductance curve like e.g. in Fig. 6 (for each curve we have maximum 225 points, and for averaging the conductance N r = 20). Thus, it is very difficult to fit all parameters of our system to reach very good agreement between the theoretical curves and the experimental ones. This is also the reason we do not show the density of states of our system (one should obtain the LDOS for very wide range of energy whereas the conductance is obtained only for one energy i.e. the Fermi energy). Moreover the model we use here is rather simple and very good agreement may be obtained when one considers more realistic cases e.g. two-dimensional tight binding model, electron-electron correlations etc.
Discussion of conductance behavior
Here we analyze the behavior of the conductance of Pb and In atoms shown in Fig. 8 . At the beginning the conductance decreases with increasing coverage of the substrate. This is due to the single atoms deposited on the lattice which are not connected with each other -this is in accordance with the theoretical model presented in the previous section, see Figs. 7 and A.1, A.2 from Appendix A. However, for the substrate coverage equals to about 0.3 ML, the conductance possesses the local minimum. In that point clusters of adatoms exist and for greater coverage more clusters are observed. These clusters are responsible for increasing the conductance although there is no percolation between the left and right electrodes. The value of minimum in the conductance curve is deeper for In which indicates that there is stronger interaction between the surface atoms and In than Pb (in our theoretical calculations we put V d = 0.2 for Pb and V d = 0.4 for In). As distinct from the conductance behavior of In and Pb adatoms in the case of Ag the conductance decreases with the coverage. It is worth noting that in the case of Ag adatoms (and also Au adatoms) we do not observe the layer-bylayer growth but rather 3D one which is confirmed by RHEED figures, see Fig. 4 , and specular intensity behavior (not shown here). For both metals (Ag and Au) the oscillations of RHEED go out with the coverage.
Next, we discuss the problem of the local maximum in Au conductance curve which appears for the coverage equals about 0.55 ML and which is visible in Fig. 3 and  confirmed theoretically, Fig. 6 . The first possible explanation of this maximum can be done using localized states. In our theoretical model the local density of states of the surface extends from (À4V n ; +4V n ), cf. [16, 34] . The single particle energies of Au atoms, e d = 4, lie almost outside this band and thus localized states should appear in LDOS beyond the band [27] . These states disturb electrons and cause that the conductance decreases. However, as the amount of Au atoms increases (the system becomes quasi 3D and) the electron energy band extends (becomes wider), between (À6V n ; +6V n ) energy range. In this case Au energies e d lie inside the band and this is the reason that localized states disappear and the conductance increases locally. This process takes place for the coverage about 0.5 ML because for this value we can treat the system (surface atoms plus adatoms) as a quasi 3D. When all localized states disappear the conductance decreases as in this case the coupling strength between Au atoms and the surface atoms, V d , is comparable with those between Au atoms, V dn , and there are no localized states. This conclusion is supported by the fact that the conductance band-width for Pb is rather small and has the value which corresponds to the ionization energy of Au atoms (taking the zero energy in the middle of Pb band the single energies of Au atoms lie outside this band). Of course it is also possible the second scenario. This local maximum in the conductance can be linked with the percolation effect which appears for the coverage about 0.5 ML, cf. Fig. 7 . For this value of the coverage the first electron path for electrons exists in the adatom layer (Au). The conductance increases locally with the increasing number of Au atoms because there are more new electron paths. However, there are interaction effects between these paths and the electrons can interference with each otherthis interference, depending on the parameters describing our system, can be constructive (and the conductance increases) or destructive. In the last case the conductance decreases as is shown in Fig. 6 . However, if the percolation is responsible for this effect we should observe the similar behavior of the conductance for other atoms used in our experiment, but we did not. The third possible explanation of this local maximum in the conductance may be connected with the crystalline structure of Au atoms on annealed Pb surface. It is known that for certain value of deposited material on a surface it can change its structure. This change, however, should be seen in RHEED pictures of the surface or in specular intensity analysis but in our experiment has not been seen (it is possible that the effects observed on the RHEED screen are very subtle and thus, due to the experiment accuracy, cannot be analyzed). Of course, the effect of changing the crystalline order on the surface is not included in our theoretical model.
To conclude this point, we cannot state in the unambiguous way which scenario is responsible for the local maximum in the conductance during deposition of Au atoms but the first explanation (with localized states) seems the most probable as was reflected in our calculations. Of course further experiments (like STM or ARPES methods) are necessary to decide unquestionably which process is responsible for this effect. It is also possible that all mechanisms may be responsible simultaneously for this local maximum in the conductance.
The experimental results for Pb and In atoms, shown in Fig. 3 , can be also described in terms of quantum-mechanical theory proposed by Trivedi and Aschcroft [13] where only the effective electron mean free path and the roughness function are needed. This theory was successfully used to explain the QSE effect in Pb and Pb-In films [14] or Pb atoms on modified Pb substrate [5] . However, using this theory it could be very difficult to describe the conductance behavior of Ag atoms for the coverage up to 1 ML (it decreases in this regime). To obtain such behavior of the conductance one has to put very huge parameter connected with the roughness function (and it has to increase with the coverage much faster than the layer thickness). This parameter suggests that the surface is not flat (but in our experiment due to the annealing process it is) and seems unphysical. In this case the conventional theoretical description which takes into account the statistics of current carriers in metals or the well known Drude conductivity theory, is not sufficient. Also the behavior of the conductance for Au atoms cannot be explained using the theory presented in [13] as there is no any mechanisms in this theory which can be responsible for the effect of local maximum appearing for the coverage 0.55 ML. It suggests that the theory by Trivedi and Aschcroft [13] is not suitable to describe the conductance changes during deposition of different kind of atoms on various substrates, like in our case Au and Ag on Pb surface (even for the case when we treat the parameters of this theory as the effective ones).
Conclusions
In conclusion, the conductance changes of Si (1 1 1)-(6 · 6)Au/Pb surface (Si (1 1 1) -(6 · 6)Au with 10 ML of annealed Pb up to the temperature 300 K) during deposition of Au, Ag, In and Pb atoms at 105 K were investigated using four-point probe method.
The electrical conductance (measured as a function of the coverage) of In and Pb atoms shows the local minimum for the coverage equals to about 0.3 ML. For In atoms this minimum has the lower value than for Pb atoms, cf. Fig. 3 , but for both cases the QSE effect can be observed. It is worth noting that the relative conductance for Pb and In atoms increases rather fast and for the coverage equals to about 1 ML it is greater than 1, Fig. 3 . In the case of Au and Ag atoms the conductance decreases during the first monolayer growth and for the greater coverage it increases very slowly. This behavior of the conductance indicates that we do not observe here the layer-by-layer growth but rather 3D growth, which is confirmed by the RHEED pictures, cf. Fig. 4 . For Au atoms the local maximum in the conductance was observed for the coverage about 0.55 ML. Such behavior of the conductance was not reported earlier in the literature and can be described using consistent quantum theory.
The tight-binding Hamiltonian and Green function method were used to describe the conductance changes during deposition process. The main results, following from analytical and numerical calculations, suggest that non-coupled adatoms on the lattice cause decreasing of the conductance and moreover, the adatoms which are coupled with each other cause that the conductance increases, cf. Fig. 7 and also Figs. A.1 and A.2 . The comparison with the experiment was done for the lattice of 15 · 15 atomic sites. Good qualitative agreement between the experimental and theoretical results was obtained, cf. Fig. 8 and for Au atoms Fig. 3 with Fig. 6 . The local maximum in the conductance curve (for the coverage 0.55 ML of Au) was obtained theoretically for the parameters which indicate the existence of localized states. Thus, it is the most probable explanation of this effect. However, further experimental studies are necessary to confirm this proposition.
In this appendix we apply the formalism presented in Section 3.1 to (i) the case of a single-atom substrate with one additional atom on it, as shown Fig. 5c , and (ii) to the case of two-atom substrate connected to the left and right electrodes and two adatoms coupled with the substrate atoms, as shown Fig. 5d . These simple arrangements of atoms allow us to study the influence of the couplings between adatoms and also between adatoms and the substrate atoms on the transmittance and the conductance through the system using analytical relations. Moreover, it can be helpful to understand the conductance behavior for larger systems.
For the first and the simplest case (the single-atom substrate and the additional atom, cf. Fig. 5c ) A a,b matrix and the retarded Green's function G r 1;1 are as follows:
and
ðA:2Þ
For one-dimensional case ij indexes for description of the site b are not needed (i, j describe the column, row of 2D atomic lattice) so here one-index notation is used (j = 1). Then the transmittance, Eq. (7), for the above Green's function is 3) where for E = e d the denominator tends to infinity. Then, for this energy, the transmittance of the system is zero. For increasing value of the coupling V d the transmittance dip broadens and the transmission coefficient is very small for greater range of the energy. In general, we can say that the additional atom blockades the transmittance of the system. Next, we apply the above formalism to the case of twoatom substrate connected to the left and right leads and two adatoms, cf. Fig. 5d . This simple arrangements of atoms allows us to study the influence of the couplings between adatoms on the transmittance of the system. For the considered system the matrix b
A can be written in the form . Note, that the coupling between substrate atoms and adatoms, V d , is included only in the function N. For N = 0, Eq. (A.7) reduces to the simple form corresponding to the transmittance of two-atom substrate. The same result is obtained for e d ! ±1 (adatom energy levels lie far from the Fermi energy and does not disturb the electron transport) as in that case also N = 0. As for the single atom substrate, the transmittance of two-atom substrate with two non-coupled adatoms tends to zero for E = e d . It results directly from the structure of the transmittance, Eq. (A.7), where for this condition we have N ! 1. But for finite values of V dm (coupled adatoms) the transmittance, for the energy E = e d , is expressed as follows: . For V d = 0 (only two-atom substrate) we have K ± = V m and the transmittance does not depend on the coupling between adatoms, V dm . In general case, for E 5 e d the analytical expression for the transmittance is much more complicated and has no short analytical expression. for non-zero value of V dm , the transmittance increases but one local minimum is observed for V dm = 2. This minimum (which is a halo of interference effects between two electron paths -first through the surface atoms and the second through adatoms) appears when the numerator of Eq. (A.8) is equal to zero, i.e. K À = 0. This condition is satisfied for the case V dm ¼ V 2 d =V m . For other value of V dm the transmission coefficient is greater than zero and increases with increasing V dm .
The main conclusions which concern analyzed in this appendix simple cases are as follows: (i) non-coupled adatoms on the 2D lattice cause decreasing of the transmittance (and the conductance) and (ii) the adatoms which are coupled with each other cause that the transmittance through the system increases (the value of the transmittance is greater then for non-coupled atoms in a cluster).
